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Introduction
This report provides details on the wind power plant monitoring project at the National Wind Technology Center. It describes the project's structure and the data collected, as well as results of data analyses.
In the past 20 years, the application of wind energy has increased steadily in the United States and throughout the world. With continued research and development and improved manufacturing processes, wind turbine performance has improved. More significantly, wind power costs have dropped to the point where, on a cents-per-kilowatt-hour (kWh) basis, they are very close to being competitive with those of traditional fossil-fuel generation. With the aid of various state policies and the emerging green power market, several large-and medium-scale wind power plants with modern wind turbines have been built in the United States in the past few years.
As a result of these developments, more utilities today are seriously examining the wind option. Nevertheless, some utilities have expressed concern over short-term power fluctuations and their possible effects on the electric power system. Power fluctuations might also affect wind power's participation in the bulk-power market by affecting its ancillary-services requirements in a competitive business environment. Ancillary services are interconnected operations services identified by the U.S. Federal Energy Regulatory Commission (Order No. 888, issued April 24, 1996) as necessary to effect a transfer of electricity between purchasing and selling entities, and which a transmission provider must include in an open-access transmission tariff. They include energy imbalance, operating reserve, reactive power supply and voltage control, regulation and frequency response, and scheduling. Wind power developers and wind plant operators need to know the realistic economic impacts of ancillary services requirements for wind power that are derived from real wind power data. Real wind power data would also allow researchers to investigate the extent of the spatial and temporal diversity of wind power, as well as capacity credit issues. Despite these concerns and the need of using long-term, high-frequency real wind power plant output data to analyze the impacts, no programs have systematically collected such data.
This project was designed to remedy the situation with the following two major objectives:
1. Collect at least 2 years of long-term, high-frequency (1-hertz [Hz] ) data from several medium-to large-scale wind power plants with different wind resources, terrain features, and turbine types.
2. Analyze the data for power fluctuations, frequency distribution of wind power (by deriving a probability distribution function of wind power plant output variations), spatial and temporal diversity of wind power, and wind power capacity credit issues.
Results of these analyses can provide data on the potential effects of wind power plants on power system regulation. Such information enables utilities to better understand the regulation requirements for wind power plants and assists utilities in planning and operating the electric grid to integrate wind power into the power system.
The National Renewable Energy Laboratory (NREL) awarded a subcontract to collect wind power data from wind power plants in Minnesota and Iowa. In addition, NREL initiated a separate data-monitoring program at the Lake Benton II (LB II) wind power plant, also in Minnesota. Data were collected on real power, reactive power, three-phase line-to-ground voltages, and wind speed-all at 1 Hz. 2
Background
The intermittent nature of the wind resource, together with short-term power fluctuations, are the two principal issues facing a utility with wind power plants in its power grid. Researchers 1 at NREL, have long recognized that these issues are barriers to utility acceptance of wind power. The utility system operator must maintain a balance between system load and power production to keep the system stable. This includes accommodating random and peak-to-non-peak load variations in the context of customary long-term planning and short-term scheduling practices of utilities. Utilities, wind power plant developers, and operators need to understand the nature of wind power fluctuations and how they affect the electrical power system, as well as to analyze ancillary service requirements with real wind power plant output data.
Furthermore, as the electric sector moves toward restructuring and developing a competitive market for power generation, the attributes of each individual generator will be more closely assessed, as opposed to assessing the whole system. As a result, all generation sources will be examined on a second-to-second and minute-to-minute basis in the context of ancillary services, which can greatly affect the competitiveness of wind power.
Neither the U.S. Department of Energy (DOE) Wind Energy Program nor industry has had the ability to accurately assess wind power's ancillary-services burdens (or benefits) or second-to-second, minute-tominute power fluctuations in a widespread, systematic way. Examination of 1-second power output data sets and synchronized power outputs of individual machines from wind power plants of different size, geography, and wind resource type will allow industry to evaluate the potential ancillary-service impacts and costs that result from power fluctuations. Various approaches such as different control strategies, new turbine designs, and innovative business partnerships with other electric resources have been suggested to mitigate the effects of wind power fluctuations on the power system and on the ancillary service requirement of wind power. This evaluation will facilitate research that examines these approaches. It can also help researchers quantify the benefits of short-term electric storage systems with wind generation.
In addition, these new data will allow researchers to evaluate local micro-siting effects. They will also be able to investigate the correlation statistics between machines to field-test the assumption that the aggregate power variation from a larger number of machines has smaller fluctuations than those from a smaller cluster or single machine (on a percentage basis). If utility loads and incremental-cost data are available, the power outputs can be evaluated for capacity values. The power measurements could also be included in a wind-forecasting development and testing program. 3
Project History
In October 1999, NREL entered a collaborative agreement with Enron Wind Corporation (EWC) to monitor wind power output at the Lake Benton II wind power plant in Minnesota. The plant has 103.5 megawatt (MW) of wind-generating capacity. Monitoring and data-recording equipment were installed at four grid-interconnection points of Lake Benton II. Complete data from this wind power plant have been available since February 2000. The data have been analyzed by staff from NREL and Oak Ridge National Laboratory (ORNL), who focused on the potential effects on ancillary services and costs (as well as other issues associated with the fluctuations of wind power).
In March 2000, NREL awarded a subcontract to Electrotek Concepts, Inc. (Electrotek), to collect power output data from two wind power plants in Minnesota and Iowa. In Minnesota, Electrotek installed data collection and communications equipment at Buffalo Ridge substation of Northern States Power Company (now Xcel Energy). About 220 MW of wind-generating capacity of various designs connect to the Buffalo Ridge substation. In Iowa, Electrotek installed equipment at MidAmerican Energy's Buena Vista substation near Storm Lake. Total wind-generating capacity being monitored at Storm Lake is about 113 MW. Electrotek will also record pertinent meteorological data such as wind speed and wind direction at the wind turbine hub height at both locations. Storm Lake data collection began in January 2001. Data collection at Buffalo Ridge started in February 2001.
A fourth wind power plant-Big Spring wind project in Big Spring, Texas-was selected by NREL to be part of the monitored sites. However, during contract negotiations, the bidder withdrew its proposal. To ensure diversity of data, NREL plans to add at least one wind power plant outside the Midwest region in the future.
Report Organization
This report consists of five sections that describe the wind power plant monitoring project, collected data, and preliminary analysis of the data. Section 1 contains the project introduction and background information. Section 2 provides information on the selected wind power plant sites and the specifications for data collected for this project. Section 3 describes in detail NREL's monitoring of Lake Benton II wind power plant. Section 4 presents the first 12 months of data, including statistics and analysis. Section 5 summarizes some prominent features of the data set related to wind power fluctuations. 4
Site Descriptions and Data Specifications
Before selecting sites to monitor, NREL decided that the minimum installed wind-generating capacity for any participating plant should be 15 MW, thus ensuring that the collected data would provide realistic information about utility-scale wind power plants. When determining actual wind power plants, researchers also considered the geography and terrain of the each site in order to maximize spatial diversity of the collected wind power data.
Descriptions of Selected Sites
Three wind power plant sites were selected for output monitoring in this project: the Buffalo Ridge substation, the Buena Vista substation, and the Lake Benton II wind power plant. The Buffalo Ridge substation is located near Lake Benton, in Pipestone county, Minnesota. It is part of Northern States Power Company's (now part of Xcel Energy) 115-kilovolt (kV) transmission system. The Buena Vista substation is located near Storm Lake, in Buena Vista county, Iowa. The Lake Benton II wind power plant is one of five wind power plants that feed into the Buffalo Ridge substation. 
Buffalo Ridge Substation
The Buffalo Ridge substation is located in southwestern Minnesota in the state's premier wind resource area known as Buffalo Ridge. Storm-driven winds occur as a result of the passage of weather fronts throughout the year. The wind resource is better in winter and early spring as the weather systems are more intense and numerous during that time of the year.
Several wind power plants of varying size are in this geographically diverse area. Most are connected to the Buffalo Ridge substation, which is connected to the 115-kV transmission system in that area. Total wind-generating capacity directly connected to the substation is about 220 MW. Most of the wind turbines at this area are 750-kW turbines (Z50) made by Zond Systems, Inc. There are also a small number of Micon 750-kW and Vestas 660-kW turbines.
Buena Vista Substation
The Storm Lake wind power plant is in northwestern Iowa near Storm Lake. The total installed windgenerating capacity at this site is 196.5 MW, generated by 262 Zond turbines. Of the power plant's generating capacity, 113 MW are connected to MidAmerican Energy's Buena Vista substation, where the monitoring equipment is installed. The substation is part of the 161-kV transmission system in this region. The wind resource here is similar to that of Buffalo Ridge, with weather fronts responsible for much of the energy resource.
Lake Benton II Wind Power Plant
The Lake Benton II wind power plant is part of the wind-generating capacity installed in the Buffalo Ridge area. Located near the town of Ruthton, Minnesota, it consists of 138 Zond Z-50, 750-kW wind turbines equipped with reactive power controls. Total installed capacity of the Lake Benton II plant is 103.5 MW. The wind turbines are connected to the Northern States Power Buffalo Ridge substation through four 34.5-kV feeders. The four interconnection points are designated as Delta, Echo, Foxtrot, and Golf. 30 turbines are connected to Delta, 39 to Echo, 14 to Foxtrot, and 55 to Golf. Power-monitoring equipment is installed at all four grid-interconnection points. Figure 2 -2 shows the locations of the138 wind turbines at Lake Benton II.
Monitored Data
The data recorded from the selected wind power plants include real power, reactive power, and feeder voltage per second at the grid-interconnection point. Representative wind speeds and directions, temperature, and barometric pressure are also recorded. All data records have identification (ID) indicating the reporting wind power plants. Every record is date-and time-stamped with Julian day, hour, minute, and second for aggregation with other data collected for this project. The equipment was chosen based on NREL staff's previous experience and economic considerations. To collect wind speed information, a simple cup-type anemometer (NRG Max40) was installed on top of a 5-foot antenna pole atop the metal building at the Echo interconnection point (Figure 3-1) . Because of the location and height of the anemometer, its wind speed data does not represent true wind resource data for the site. Nevertheless, its data provide some indication of the available wind resource and a good indication of the wind speed trend, both of which are useful in analyzing the power output data. EWC agreed to provide NREL with 10-minute average wind speed data collected from two of its five on-site meteorological towers.
Voltage and current signals are provided by potential transformers and current transformers owned by EWC. Real and reactive power are calculated from voltage and current signals and stored temporary in a 2-MB random-access memory (RAM) bank in the datalogger. The RAM bank can store about 36 hours of data. When the memory is full, new data will overwrite the old data. Telephone lines are dedicated to data transmission only, and they connect directly to the datalogger modem. Data are downloaded to the NWTC's server every day via telephone and modem. As a backup, the data are written daily to on-site ZIP™ disks. EWC field personnel replace the ZIP™ disks with blank ones for NREL every two weeks and mail the disks containing data to the NWTC. At NREL's request, EWC field personnel will also inspect and report the status of monitoring equipment and, if possible, perform limited troubleshooting. With this arrangement, NREL has been able to achieve an overall data recovery rate of 98%. So far, missing data has been the result of equipment failures (damaged by lightning), phone line outages, and computer glitches.
Electrotek Concepts, Inc., uses a different approach to data-recording. Its performance will be compared to that of NREL's data-recording system. The results of the comparison will be taken into consideration when determining which monitoring equipment to use in the future.
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Data Analysis
Oak Ridge National Laboratory staff will use the data to analyze wind power plant ancillary services requirements. The data will be used to analyze power fluctuations from the wind power plant and to study how spatial and temporal diversity affect power outputs from single and multiple wind power plants. NREL's analysis will also attempt to detect any distinctive power output patterns (daily and seasonally) and trends from multiple wind power plants. Data included in this report are 12 months of real power and wind speed data from Lake Benton II (from February 2000 to January 2001) and one month of real power data from Storm Lake.
This section begins with a description of the energy production at Lake Benton II to give an overview of the wind power plant performance. It is followed by detailed analysis of power fluctuations. Transition rates of wind power from one level to another are also calculated to show the wind power persistency. This section concludes with an investigation of wind power spatial diversity and its effect on wind power variability.
Power and Energy Production
Power production at the Lake Benton II wind power plant is higher during winter than during summer. Storm Lake should have a similar pattern. Figure 4 -1 shows monthly production (in megawatt-hours [MWh]) at Lake Benton II. Monthly power production varies significantly; the highest monthly production is more than twice the lowest monthly production. Generally, wind resources during the months of July and August are less favorable for power generation than other months. Low production in July was partially the result of monitoring equipment failure, which caused data losses. The many forced outages at the Lake Benton II plant during July also had an effect on production. Figure 4-2 shows Lake Benton II average annual hourly power production superimposed with June hourly pattern. Overall the peak hourly production occurs in the early morning hours; a secondary peak occurs around noon. Summer production shows a different hourly pattern represented by the June hourly profile. A weak afternoon peak is evident, but it is not well-defined. Although other summer months appear to have a slightly different hourly pattern than that in June, their differences are not very prominent. Table 4 -1 shows monthly peak power of four grid-interconnection points and Lake Benton II for three different averaging periods (1-second, 1-minute, and 1-hour). Also included is the coincident factor (CF, in the right-hand column), defined as the ratio of peak power at LB II to the sum of individual peaks at four grid-interconnection points. The turbines at the site are spread out over an area about 7 miles by 9 miles. Because wind speed differs at each individual turbine, not all turbines produce the same amount of power at any given moment. By examining the relationship between each individual gridinterconnection point at peak power and the wind power plant peak power, we can estimate the spatial diversity at Lake Benton II. If there were no spatial diversity, all turbines would produce the same amount of power and the coincident factor would be 1. In section 4.3, we will discuss spatial diversity in more detail. 
Lake Benton II Monthly Production

Fluctuations of Wind Power
Several measures are used to examine power fluctuations at the LB II wind power plant. Simple statistics and distribution regarding maximum step changes (power level differences between consecutive time steps) and ramping rates (either up or down, caused by the wind picking up or dying down) provide more insight into the nature of the wind power fluctuations.
Step Changes
The differences in output power levels between consecutive time steps indicate wind power persistency.
To quantify the behavior of the wind resource, we calculated the maximum step changes in both positive and negative directions and their means and standard deviations, for three time steps (1-second, 1-minute, and 1-hour, Table 4 -2). To focus on only the maximum power changes caused by decreasing or increasing wind speed, we screened the recorded data stream to eliminate power changes caused by forced or controlled outages and startups. To isolate these "artificial" power drops, we excluded those large power drops (to zero or a substantially lower value within 2 seconds) without a corresponding wind speed decrease. In a similar fashion, large power increases from zero or a very low level without corresponding wind speed increases were also excluded. However, this extra step may not totally eliminate power changes from forced outages or planned events, because sudden, significant power drops that do not decrease output power to zero (or a smaller value) will not be detected by such an algorithm.
It is clear that, for short periods, the step changes are very small. The maximum increase in power is 4,430 kW, or 4.3% of the nameplate capacity (in 1-second increments), during this 12-month period. For 1-minute increments, the maximum increase in power is 11,541 kW, or 11% of the nameplate capacity, which is equivalent to a sustained ramping-up rate of 192 kW per second, or 0.2% of the rated power per second. The maximum 1-second step drop is 7,590 kW, or 7.3% of the nameplate capacity. For the same period, the maximum1-minute step drop is 14,448 kW, or 14.0% of the nameplate capacity. This is equivalent to a sustained ramping-down rate of 241 kW/s, which is much smaller than the maximum 1-second step change value. Because wind speed can change substantially during an hour, hourly power changes can be very large.
The maximum 1-hour increase during the 12-month period (from February 2000 to January 2001) is 65.4 MW (63% of total capacity), and the maximum 1-hour decrease is 51.7 MW (50% of total capacity). In terms of kW per minute, this is equivalent to a positive 1,090 kW/min and a negative860 kW/min, respectively; both are much less than the maximum 1-minute changes. However, those are relatively infrequent events, as will be shown later in the distribution plot. Table 4 -3 lists average and standard deviation values of positive and negative monthly step changes. It also shows that positive and negative step changes have about the same average absolute values, which implies that step changes are evenly distributed around their means. The averages of all step change values are nearly zero for all cases. The standard deviation for 1-second step changes is 168 kW, less than 0.2% of total capacity. For 1-minute step changes, the standard deviation is 1,103 kW, or 1% of total capacity. For hourly step changes, it is 10,220 kW, or about 9.9% of total capacity. These relatively small standard-deviation values also suggest that step change distributions are tightly centered around their means. Plots of step change distributions for different time step sizes ( Figure 4-3) confirm the even distribution. These curves do not resemble the familiar bell-shaped normal distribution because of a deep notch at the zero value. The low probability of zero step change values confirms the observation that wind speed and wind power plant output are not static. This low probability is largely the result of zero output values in the data stream (caused by planned and forced outages). Without these zero output values in the data stream, the actual probability of zero step changes would be almost zero. These plots confirm that the short-term power fluctuations are confined to a very narrow range and that the frequencies of positive and negative changes are about the same. Large step changes rarely occur. Most of the step changes have small values.
From the hourly step change distribution curve, we calculated that 78.7% of the possible step changes are confined within the range of ±10,500 kW (roughly ±1σ), which is about 10% of total capacity. Further, 93.6% of the possible step change values are within ±20,500 kW (approximately ±2σ), or only about 20% of total capacity. For 1-minute data, the concentration is more prominent: 87.5% of the possible step changes are within ±1,000 kW (±0.9σ) and 94.5% within ±1,500 kW (±1.4σ), which is only 1.4% of the total wind power plant capacity. For 1-second step change, 98% of the values are within ±500 kW (±3 σ), or less than 0.5% of total capacity.
The statistics of step changes for combined output (for the month of January 2001) from Lake Benton II and Storm Lake are listed in Table 4 -4. The numbers in parentheses show the quantities as a percentage of total installed capacity of these two wind power plants. These data reveal that if the output from the Lake Benton II and Storm Lake wind power plants are combined, the average magnitude and standard deviation of power fluctuations may be slightly higher. However, if the step changes are expressed as a percentage of total power, the fluctuations from the combined power output are always smaller than those from either wind power plant. Because these two outputs are not totally independent (the correlation coefficient is not zero), the average value of combined power step changes will not be the sum of two individual averages of power step changes, nor is the combined standard deviation the sum of two individual standard deviations. The maximum values of step changes of the combined power can be higher or lower than the maximum values from individual wind power plants. They depend on whether the extreme values from these two sites coincide. Again, this is the result we would expect from two weakly correlated signals.
Ramping Rate
Step changes show all the single extreme values (instant changes) that the wind power plant can experience; however, those maximum values in either direction occur only infrequently. To investigate sustained power changes, we calculated ramping rates in either direction for various periods. The ramping rates discussed here are slopes of a straight line used to fit the wind power data points. Table 4 -5 lists the ramping rates in kilowatts per second calculated with 1-second power data in three time intervals: 5, 10, and 15 seconds. Table 4 -6 lists ramping rates in kW per minute, calculated with 1-minute average power in two time intervals: 5-minute and 10-minute. Sudden power drops and rapid power increases caused by forced or maintenance outages and manual startups are excluded from the maximum (+) and minimum (-) ramping rates in Tables 4-5 and 4-6. However, when calculating average and standard deviation of ramping rates, unaltered data streams are used for the sake of computation expediency (to avoid the problems of data discontinuity).
Ramping rates are higher when computed at shorter time intervals. In Table 4 -1, short-term maximum up and down ramping rates are lower than single step change values, indicating the changing nature of the wind speed. Wind power does not move in either up or down direction very long before it reverses itself. It is common for wind power to display a general up-or-down trend over longer periods, e.g., several hours. Tables 4-5 and 4-6 show that average positive (up) and negative (down) ramping rates have approximately the same magnitude on a monthly basis. On a daily basis, this is not necessarily true. For 5-second intervals, the maximum ramping-up rate is about 4,166 kW/s, or 4.0% of total capacity per second. The maximum ramping-down rate is -4,679 kW per second, or 4.5% of total capacity. The average values for both ramping-up and ramping-down rates are much smaller, with a magnitude of 37 kW/s and 41 kW/s, respectively. They are less than 0.04% of total capacity per second. Ramping rates calculated with 1-minute average power data show a similar pattern-longer time intervals always result in lower ramping-up and ramping-down rates. Within a 5-minute interval, the wind power plant can ramp up at a rate of 8.8 MW/minute (8.5% of total capacity per minute). The maximum ramping-down rate for a 5-minute interval is -12 MW/min (11.5% of total capacity per minute). For a 10-minute interval, the maximum ramping-up and ramping-down rates are about half of that for a 5-minute interval. Again, in all cases, their average values are much smaller-less than 0.4% of total wind power plant capacity per minute. The small standard deviation values of ramping rates also indicate that short-term ramping rates are small and confined within a narrow range.
The distributions of ramping rates are plotted in Figure 4 -4 for 5-second, 10-second, and 15-second intervals and Figure 4 -5 for 5-minute and 10-minute intervals. The shapes of the curves are almost identical to those of step changes. From the distribution curves, we can calculate that for 5-second intervals, 90.3% of the apparent ramping rates are within ±100 kW/s. For 10-second intervals, 94.9% of apparent ramping rates are within ±100 kW/s, and for 15-second intervals, 96.8% are within ±100 kW/s. For longer time, the ranges are even narrower. For 5-minute intervals, 90% of apparent ramping rates are within ±780 kW/min (or 13 kW/s). For 10-minute intervals, 90% of apparent ramping rates are within ±640 kW/min (or 11 kW/s).
These results suggest that if another power plant were to be dedicated to regulate 2 the output of Lake Benton II, the duty requirement for the dedicated power plant will be ±220 kW/s (or about 0.2% of the total installed capacity per second). This range would cover 99% of all apparent ramping rates for Lake Benton II. 3 This is not load following as normally applied to electric power systems. In order to do load following, target power levels and generators are controlled to match the changing load level. How fast the target power level can change in any given time interval will determine the duty requirements (ramping rates) of generators that are used to follow it. Here, the rates of change in wind power plant output are used directly as the duty requirements of generators, as if these generators will be running in opposite directions of the wind power plant to cancel those changes. Average ramping rates and their standard deviations are affected by many forced outages of the wind power plant from February until July, which is reflected in higher standard deviation values during these six months (especially for negative ramping [power levels ramping down] rates). This is because forced and maintenance outages will result in precipitous power drops and, consequently, very large negative ramping rates. Lake Benton II experienced many outages prior to summer of 2000. The data collected at the grid interconnection points are not sufficient to determine the causes of these outages. However, data have shown significant improvement in the operations of Lake Benton II wind power plant since July 2000. The average and standard deviation values of ramping rates listed in Tables 4-5 and 4-6 include extreme values not caused by wind. For the six-month period from February to July (Table 4 -5), the average coefficient of variations of negative ramping rates (the ratio of standard deviation to average) is 2.7, dropping to 1.4 for the next six-month period. In Table 4 -6, they are 2.2 and 1.4, respectively. Wind power plants operating normally can be expected to have smaller values.
State Transitions
Maximum step changes establish the outside boundaries of wind power fluctuations, while ramping rates indicate that wind power does not change very fast; both of these provide strong evidence of wind power persistency. When wind power data are analyzed for the rates of transition from one power level to another, the persistency of wind power from large wind power plants is even more obvious. Table 4 -7 shows the rates of transition from one power level to the next in 1-second intervals for Lake Benton II for the 12-month period. The row headings indicate power levels in the first-second time step, and the column headings indicate power levels in the next-second time step. For example, if the current step power level of Lake Benton II is at 40% of its nameplate power at any particular second (row labeled with 40%), 99.34% of the time its output will stay at the same level (column with 40% heading) at the next second. The next second, its power may jump to 50% of the rated value only 0.32% of the time, and its power level may drop to 30% of the rated value the next-second 0.34% of the time. This should not come as a surprise, because all 138 wind turbines at the wind power plant are not likely to change their output at the same instant. 10% 0 . 9 9 9 As seen in Table 4 -8, state transition rates computed with 1-minute average power data show a different pattern. Non-zero values are no longer clustered diagonally, indicating that given more time, much larger power level changes will occur. It should be noted that many of the outlying values in Table 4 -8 are the result of forced or planned outages of the wind power plant, not of dramatic wind speed changes. For example, from Table 4 -2 (where large step changes caused by outages were excluded) the maximum 1-minute power drops at Lake Benton II from February 2000 to January 2001 was 14.4 MW, or only 14% of total capacity. A power level change of more than 20% of the installed capacity in 1 minute is clearly not induced by wind speed change. 10% 0 . 9 9 2 
Spatial Diversity
The 138 turbines at Lake Benton II are arranged along a northwest to southeast diagonal line about 17 km (10.6 miles) long. The operation of turbines is not synchronized, and their outputs do not rise and fall at the same time. When a wind gust sweeps through the site, it reaches some turbines sooner than others. If we monitored the output of every turbine, we should detect an output with a wave-like pattern. Even with data from only four interconnection points, this effect is still detectable.
An example of this effect is given in Figure 4 -6, which shows output profiles of the four gridinterconnection points and their sums for a summer day in 2000. They are plotted with 1-minute average power data. The graph shows that, shortly after 21:21, a gust passed through the site, resulting in a power surge of 42 MW within about 13.5 minutes (a ramp rate of 3.1 MW/min or 52 kW/s). It is also clear from the graph that not all four grid-interconnection points rise to their peak power at the same time. Figure 4 -7 shows the details of the gust and power surge in a 20-minute window (from 21:22 to 21:41) plotted with 1-second power data from these four interconnection points and their sum.
Wind speed data in Figures 4-6 and 4-7 are from an anemometer located at the Echo interconnection point, which is near the middle of the wind power plant. It appears that the direction of the gust is northwest to southeast. The effect of wind turbine separation is clearly seen. Power at the Delta interconnection point rises first, followed by Echo, Foxtrot, and then Golf. The entire plant reaches a peak output of 55.74 MW at 21:33:33, although output power from the Golf interconnection point does not reach its peak until about 7 minutes later at 21:40:29. The peak gust recorded at Echo is about 11 m/sec during this period. Golf peak gust occurs about 16 minutes later than the Delta's first peak. This sequential timing corresponds well with the straight-line distance of 10.8 km between the Delta and Golf interconnection points. The noncoincidental peak during this 20-minute period (the sum of the four individual peaks in the period) is 69.25 MW, if the same gust would have hit all turbines at the same instant. However, the turbines are scattered, and it takes time for the gust to sweep through them. When power from the last group of turbines (Golf interconnection point) begins to rise, power from the first group of turbines (Delta interconnection point) has already begun to drop. As a result, the coincidental peak during this 20-minute period is only 55.74 MW. The coincident factor for this 20-minute period is 0.805. The coincident factors listed in Table 4 -1 are all very high and show only small variations from month to month. The reason for these high coincident factor values in Table 1 is that only one value is taken from each monthly grid-interconnection point to calculate the coincident factors. The example above demonstrates that the coincident factor can have low values. To show their variability, coincident factors are calculated with continuous 1-second data streams from four grid-interconnection points using three window sizes: 60 seconds (60 data points), 10 minutes (600 data points), and 30 minutes (1,800 data points). Table 4-9 shows the monthly averages, standard deviations, and minimum values of coincident factors. The maximum coincident factor values, which equal to 1.0 for all cases, are not included in Table  4 -9. The results show that a wider window size tends to increase the range of coincident factors, as indicated by higher standard deviation values and lower minimum values. For a 30-minute window, the average coincident factors range from 0.89 to 0.94. The range of standard deviation values is from 0.10 to 0.13, suggesting that spatial diversity at the Lake Benton II site is probably responsible for an approximately10% reduction in peak wind power seen by the utility grid. Table 4 -10 shows the coincident factors calculated with Storm Lake output and Lake Benton II output. Average coincident factors of the combined output power from both Lake Benton II and Storm Lake have a much narrower range compared to the average coincident factors of four grid-interconnection points at Lake Benton. This suggests that if the outputs of these two wind power plants are combined, less peak power reduction will be realized. This result can be attributed to the following:
1. Table 4 -9 is calculated with four data streams but Table 4 -10 is calculated with only two data streams. 2. The Lake Benton II and Storm Lake power outputs are not totally independent. As discussed in the next section, a closer look at these two power streams will reveal a more complicated co-relationship between Lake Benton II and Storm Lake. 
Output Correlation between Grid-Interconnection Points
The degree of spatial diversity can be examined with the aid of linear correlation coefficients between outputs measured at grid-interconnection points. Wind turbines in close proximity should have output patterns similar to each other, and wind turbines that are spaced farther apart should have more differences in their output patterns. Table 4 -11 shows monthly correlation coefficients between grid interconnection points. Calculated linear correlation coefficients show the predicted relationship among power outputs from the four interconnection points. Interconnection points that are adjacent to each other have higher correlation coefficients than those points that are not. In addition, correlation coefficients calculated with longer timeframe data have higher values than those calculated with shorter timeframe data, because the averaging process smoothes out short-duration (high-frequency) variations. The results also suggest that the spacing between individual turbines and the distances between grid-interconnection points are not large enough to cause a more prominent spatial diversity. 
Correlation between Two Wind Power Plants
The distance between the Storm Lake and Lake Benton II wind power plants is about 200 km. Correlation coefficients between these two data streams are calculated to gauge the relationship between the power outputs of these two wind power plants. Table 4 -12 lists the correlation coefficients between Lake Benton II and Storm Lake power output based on 1-second, 1-minute, and 1-hour average power and the ranges of daily correlation coefficients for the month of January 2001. Daily correlation coefficients for these two sites during the month vary from 0.897 (strong positive correlation, i.e., they often are synchronized) to -0.817 (strong negative correlation, i.e., they move in opposite directions). The correlation coefficient for the entire month suggests only a weak co-relationship between power outputs from these two sites.
Figure 4-8 is a plot of the profiles of 10-minute average power output for Lake Benton II and Storm Lake for the first 7 days of year 2001 (from January 1 to January 7, 2001). The correlation coefficient during this period is 0.198. The low correlation coefficient indicates that these two output streams are not related, but the plot shows that these two output streams are not as random as the simple correlation coefficient calculations have suggested. For example, a closer look at the figure reveals that the output pattern from Storm Lake is actually similar to that of Lake Benton II with a time delay. One of the prominent features in the figure is a plateau in the middle, representing a period of high output at Lake Benton II from 9:00 p.m. on January 3 to 3:00 p.m. on January 5. An almost identical plateau (of lower height because of less generating capacity) from Storm Lake shows up about 9 hours later (beginning 6:00 a.m. on January 4). A calculated correlation coefficient of 0.885 for these two plateaus during this 42-hour period confirms the observation, suggesting that the same weather event that drives the wind regimes of both sites arrives at Storm Lake about 9 hours later. There is also an output power rise at Storm Lake (from 11:40 p.m. on January 1 to 11:30 p.m. on January 2) that corresponds to the first prominent plateau from Lake Benton II
Wind Power Variability
Another way to examine the variability of wind speed at different sites is to look at the coefficient of variation (COV), which is the ratio of the standard deviation of wind speed to the mean wind speed. COV of wind speed is known as turbulence intensity of wind. A higher COV indicates more turbulent wind and more fluctuations of wind power. However, a wind power plant with many turbines will attenuate the resulting output power fluctuations. Obviously, this output leveling effect is more prominent with an increasing number of turbines and greater distance between the turbines.
For the wind speed measured at the Echo interconnection point, the calculated COVs range between 0.47 and 0.64. Table 4 -13 lists monthly COV values calculated from 1-second, 1-minute, and 10-minute average wind speed data. Available power in the wind is proportional to the cube of wind speed. If the COV is calculated with wind speed cubed and the results are compared to the calculated COV of measured power from the wind plant, a pattern of much reduced variability emerges. Table 4 -14 also shows a reduction in power variability between outputs from a single interconnection point Echo and the entire Lake Benton II wind power plant. This reduction in power variability is expected from large wind power plants with hundreds of wind turbines scattered over a wide area. The effect becomes more prominent when calculations are extended to the combined output of Storm Lake and Lake Benton II. Table 4 -15 lists COVs of output power from four grid-interconnection points of Lake Benton II, Lake Benton II, Storm Lake, and combined Storm Lake and Lake Benton II output. Numbers in Table 4 -15 are calculated with 1-second power data. As turbine output power becomes increasingly aggregated, the variability of the overall power level drops further. In the case of combined Storm Lake and Lake Benton II output, the result is a 20% reduction in power level variability. 
Summary and Conclusions
This is the first project in this country to monitor large wind power plant outputs by systematically collecting long-term, high-frequency data from large commercial wind power plants. Utilities, wind power plant developers, and operators need to understand the fluctuations in wind power and how they affect the electrical power system, as well as to analyze ancillary service requirements with real wind power plant output data. This project is designed to satisfy the need.
Over the past 13 months, more than 150 million data points have been collected and cataloged from two Midwest operating commercial wind power plants. Analysis of these data has provided useful insight on the behavior of wind power. This data set has been made available for Oak Ridge National Laboratory to investigate the ancillary service issues. It will also be available for others to study the operational impact issues of wind power plant on the utility power systems.
The first thing to notice from the collected data is that the actual magnitude of power fluctuations does not appear to be extraordinary. Changes of wind speed rarely cause extreme power-level changes of a large wind power plant. The variations in wind power plant output as a result of natural wind speed variations are well within the capability of an interconnected power system. When step changes are used to gauge the wind power fluctuations, changes appear small in value and are within a very narrow range. On a second-by-second basis, the maximum step changes are 4.4 MW up and 7.6 MW down; however, the standard deviation value (σ) of all 1-second step changes is only 168 kW, with an average value of zero. Ninety-eight percent of all 1-second step change values are within ±500 kW (±3 σ), or less than 0.5% of total wind power plant generating capacity. The corresponding 1-minute standard deviation value is 1,103 kW (1% of the total generating capacity), with 94.5% of the 1-minute step change values within ±1,500 kW (±1.4 σ or 1.4% of total capacity).
The persistency of wind power from large plants is also evident in the state transition analysis of the output data. On a minute-by-minute basis, given the knowledge of current power output at any level (e.g., at 40% of the total capacity) operators can expect that at least 92% of the time, the output power will remain at the same level in the next minute. For shorter time steps, the probability of output power remains at the same level and is even higher at 94%.
In addition to the limited range of power changes, the data show that the rates of power changes are also limited. For Lake Benton II, with 138 turbines and 103.5 MW of total capacity, the maximum ramping-up rate during a 10-second period is 2.8 MW per second and the maximum ramping down rate is -2.5 MW per second. The corresponding average ramping rates are only 28 kW/s and -31 kW/s. In a 10-minute window, the maximum ramping-up rate is 6.9 MW per minute (115 kW/s) and the maximum rampingdown rate is 6.6 MW per minute (110 kW/s). Both are much smaller than the 10-second ramping rates. Furthermore, the distribution of ramp rates over the 12-month period shows that 99% of the apparent power-changing rates are within ±220 kW/s.
Actual wind power output data clearly show that spatial diversity plays a major role in reducing the variations of wind power plant output and peak power resulting from a wind gust. As expected, more wind turbines will tend to "smooth" the power output by reducing the variability of wind power.
The data also indicate the predictability of wind power plant output. Correlation analysis of power outputs from Lake Benton II and Storm Lake wind power plants shows that output from one plant can be a very good indication of output from the other plant. This suggests that, with adequate information about wind speed and direction (and other meteorological data) from strategically located places, one can predict output from a wind power plant with a reasonable degree of accuracy.
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These results also clearly indicate that while wind power plants will be subject to forced outages similar to those of any other power-generating plants, changes in power output resulting from changing winds are neither severe nor unpredictable.
With more analysis, we can further quantify the relationships between the outputs of several wind power plants, as well as determine whether sophisticated regression analyses can help wind power plant and utility system operators to better predict power output levels. Analysts will also attempt to correlate feed voltage at the grid-interconnection points. Furthermore, using real and reactive power data, they will seek to verify the advantages of reactive power control of wind turbines.
This is an ongoing project and should continue for another 2 years. Electrotek Concepts has begun collecting data at the Storm Lake plant and the Buffalo substation, an effort that should produce even more statistically significant conclusions.
